M echanical ventilation with large tidal volume has been clearly implicated in the pathogenesis of ventilator-induced lung injury, in humans (1) and animals (as reviewed in ref. 2). It may generate unphysiological Objective: Tidal volume (V T ) and volume of gas caused by positive end-expiratory pressure (V PEEP ) generate dynamic and static lung strains, respectively. Our aim was to clarify whether different combinations of dynamic and static strains, resulting in the same large global strain, constantly produce lung edema. Design: Laboratory investigation. Setting: Animal unit. Subjects: Twenty-eight healthy pigs. Interventions: After lung computed tomography, 20 animals were ventilated for 54 hours at a global strain of 2.5, either entirely dynamic (V T 100% and V PEEP 0%), partly dynamic and partly static (V T 75-50% and V PEEP 25-50%), or mainly static (V T 25% and V PEEP 75%) and then killed. In eight other pigs (V T 25% and V PEEP 75%), V PEEP was abruptly zeroed after 36-54 hours and ventilation continued for 3 hours. Measurements and Main Results: Edema was diagnosed when final lung weight (balance) exceeded the initial weight (computed tomography). Mortality, lung mechanics, gas exchange, pulmonary histology, and inflammation were evaluated. All animals ventilated with entirely dynamic strain (V T 825 ± 424 mL) developed pulmonary edema (lung weight from 334 ± 38 to 658 ± 99 g, p < 0.01), whereas none of those ventilated with mainly static strain (V T 237 ± 21 mL and V PEEP 906 ± 114 mL, corresponding to 19 ± 1 cm H 2 O of positive end-expiratory pressure) did (from 314 ± 55 to 277 ± 46 g, p = 0.65). Animals ventilated with intermediate combinations finally had normal or largely increased lung weight. Smaller dynamic and larger static strains lowered mortality (p < 0.01), derangement of lung mechanics (p < 0.01), and arterial oxygenation (p < 0.01), histological injury score (p = 0.03), and bronchoalveolar interleukin-6 concentration (p < 0.01). Removal of positive end-expiratory pressure did not result in abrupt increase in lung weight (from 336 ± 36 to 351 ± 77 g, p = 0.51). Conclusions: Lung edema forms (possibly as an all-or-none response) depending not only on global strain but also on its components. Large static are less harmful than large dynamic strains, but not because the former merely counteracts fluid extravasation. (Crit Care Med 2013; 41:1046-1055 
lung strain and stress, either globally or locally, and may cause microscopic or macroscopic tissue damage (3) .
Strain and stress are commonly used by engineers to describe local deformations and tensions generated by a force acting on a body (4) . They might be similarly used by clinicians to describe the effects of mechanical ventilation on lungs (3) . Proper computation of pulmonary strain and stress is extremely complex. More simplistically, we describe lung deformation as "volumetric" strain, the ratio of volume of gas inflated to functional residual capacity, and stress as the corresponding change in transpul monary pressure, the difference between airway and pleural pressure (5) . Values of lung strain and stress that can be safely reached during mechanical ventilation remain poorly defined, at least in humans.
We have previously demonstrated that, in healthy pigs ventilated with no positive end-expiratory pressure, tidal volumes resulting in strains below 1.5 and stresses lower than 10 cm H 2 O do not cause any gross lung damage over 54 hours. By contrast, tidal volumes close to vital capacity, generating strains above 2.0 and stresses higher than 15 cm H 2 O, always produce fatal pulmonary edema (6) . In other words, healthy lungs fail when repeatedly inflated up to their maximal physiological limit, that is, their total capacity. In humans, similar degrees of lung inflation will correspond to transpulmonary pressures lower than 20 cm H 2 O (strain below 1.5) and above 30 cm H 2 O (strain above 2.0), owing to higher specific lung elastance (5) .
When lung deformation is only caused by cyclic inflation of tidal volume, strain is entirely dynamic. When positive endexpiratory pressure is applied, as in most mechanically ventilated patients, lungs are also kept tonically inflated above their functional residual capacity and thus exposed to an additional static strain. Any end-inspiratory lung volume can then be achieved using different combinations of dynamic and static strains, always resulting in the same global strain.
Whether dynamic and static strains play an identical role in the pathogenesis of ventilator-induced lung injury remains controversial. Some evidence suggests that overall lung inflation is the major determinant of damage, regardless of its components (7) . Accordingly, lungs inflated up to their maximum physiological limits should always fail, no matter whether strain is mainly dynamic or static. Some other data indicate that, for a given global deformation, static may be less injurious than dynamic strain (8) , possibly because of increased mean airway pressure, diminished pulmonary perfusion, and thus extravascular fluid filtration (7) . Large static strains would then be better tolerated than equivalent, but dynamic, ones.
The aim of the study was to clarify whether healthy pigs invariably develop pulmonary edema when ventilated at a global strain of 2.5 (i.e., up to their total lung capacity) regardless of its dynamic and static components.
MATERIALS AND METHODS
The study complied with international recommendations (9) and was approved by the institutional review board.
A total of 29 healthy pigs were surgically prepared (Supplemental Figure E1 , Supplemental Digital Content 1, http://links.lww. com/CCM/A573). Initial lung weight and gas volumes were derived from quantitative analysis of computed tomography taken at 0 (functional residual capacity) and 45 (considered as total capacity) cm H 2 O of airway pressure (10) . A scan was also obtained at an airway pressure corresponding to the volume of gas needed to produce the desired static strain (if any), as predicted from body weight and expiratory respiratory system pressurevolume curve. Dynamic and static strains were the ratios of tidal volume (V T ) or volume of gas caused by positive end-expiratory pressure (V PEEP ) to initial functional residual capacity. Global strain was the sum of the two.
In total, 21 animals were then ventilated at a global strain of 2.5 (close to vital capacity), but one was withdrawn early from the study (see below). Remaining animals were divided into four groups (of five animals each), corresponding to four different combinations of dynamic and static strains: dynamic strain 2.5 and static strain 0 (V T 100% and V PEEP 0%); dynamic strain 1.875 and static strain 0.625 (V T 75% and V PEEP 25%); dynamic strain 1.250 and static strain 1.250 (V T 50% and V PEEP 50%); and dynamic strain 0.625 and static strain 1.875 (V T 25% and V PEEP 75%) (Engström Carestation; GE Healthcare, Madison, WI) ( Fig. 1) . Fraction of inspired oxygen was always 0.5, respiratory rate 15 breaths/min and inspiratoryto-expiratory time ratio 1:2 or 1:3 as needed to avoid the development of intrinsic positive end-expiratory pressure. Anatomic dead space was added to start the experiments with an arterial carbon dioxide tension between 30 and 50 mm Hg. These variables were then kept constant, until end of the experiment. Saline and norepinephrine use was standardized (target mean arterial pressure ≥60 mm Hg). Respiratory and hemodynamic variables were recorded every 6 hours. After 54 hours, blood laboratory tests were performed and animals killed. Edema was diagnosed if weight of excised lungs (balance) significantly exceeded the initial one (computed tomography). Bronchoalveolar lavage was performed on left lung, whereas right lung was used to measure the wet-to-dry weight ratio and blindly evaluate histology, after fixation in formalin.
Eight other pigs were studied to exclude that large static strains had prevented lung edema (see below) only by counteracting fluid filtration through an otherwise disrupted bloodgas barrier. If that had been the case, abrupt removal of positive end-expiratory pressure should have rapidly led to edema formation. We ventilated these animals at a mainly static (V T 25% and V PEEP 75%) global strain of 2.5 for 36-54 hours and then suddenly zeroed the applied end-expiratory pressure. Ventilation was continued for 3 hours with a dynamic strain around 0.5 (to maximally decrease airway pressure) or 2.5 (to maintain large lung deformation). Pigs were then killed and data collected as above.
Statistical Analysis
Numerical data are reported as mean (±SD) or median (IQR), as appropriate. Groups were compared using Student t or Mann-Whitney tests, one-way (repeated-measures) analysis of variance (ANOVA) or Kruskal-Wallis test. Interactions between groups and time were assessed with two-way repeated-measures ANOVA. Tukey's test was used for post hoc multiple comparisons. Correlation (R 2 ) was studied with linear regression analysis. Categorical data, reported as median (IQR), were analyzed using chi-square or Kruskal-Wallis tests. A p value less than 0.05 was considered significant (SigmaPlot 11.0; Jandel Scientific Software, San Jose, CA).
For more information on methods, please refer to the Supplementary data (Supplemental Digital Content 1, http://links. lww.com/CCM/A573). Table 1 reports the combinations of dynamic and static strains we used. Global strain was around 2.5 in all cases but one (included in the V T 50% and V PEEP 50% group) in which total lung capacity was reached at a strain of 2.0. One animal (V T 25% and V PEEP 75% group) could not initiate the study as it did not tolerate 24 cm H 2 O of positive endexpiratory pressure, required per protocol, owing to major hemodynamic instability. Accordingly, four groups of five animals each were finally analyzed.
RESULTS

Lung Weight and 54-Hour Mortality
As shown in Figure 2 and Supplemental Table E1 (Supplemental Digital Content 1, http://links.lww.com/CCM/A573), all animals ventilated with large dynamic strains developed severe pulmonary edema (markedly increased lung weight and wet-to-dry weight ratio), whereas those ventilated with End-inspiratory lung volume/TLC 0.9 ± 0.2
V T = tidal volume; V PEEP = volume corresponding to positive end-expiratory pressure; TLC = total lung capacity.
Global strain was computed as the ratio between volume of gas inflated (as V T and, whenever used, V PEEP ) and functional residual capacity. Dynamic strain was the tidal volume to functional residual capacity ratio. Static strain was the volume corresponding to positive end-expiratory pressure to functional residual capacity ratio. End-inspiratory lung volume was the sum of functional residual capacity, V PEEP , and V T . The p values reported in the last column refer to overall comparisons between groups.
smallest dynamic and largest static strains never did. Animals ventilated with intermediate combinations of dynamic and static strains ended the experiments with largely increased or unmodified lung weights. Seven animals died within 54 hours. Among pigs ventilated without any positive end-expiratory pressure, all died (mortality rate 100%) with heavy lungs. Among those ventilated with some positive end-expiratory pressure, only two died (mortality rate 13%), with grossly normal lungs, as if cause of the death had not been pulmonary edema.
Lung Mechanics and Gas Exchange
Changes in lung mechanics and gas exchange are reported in Table 2 . When strain was mainly dynamic, transpulmonary (and airway) pressure increased and hypoxemia and hypercarbia developed, despite no change in ventilatory settings. These alterations never occurred when strain was mainly static.
Lung Histology
At autopsy, lungs exposed to mainly dynamic strains were purple and of increased consistency (Supplemental Fig. E2 , Supplemental Digital Content 1, http://links.lww.com/CCM/ A573). Microscopy revealed inflammation, vascular congestion, and hyaline membranes ( Table 3) . By contrast, lungs exposed to mainly static strains looked normal at both macroscopic and microscopic evaluation, except for focal atelectasis and diffuse emphysema.
Lung and Systemic Inflammation
Large dynamic, but not static, strains produced lung and systemic inflammation, as indicated by high interleukin-6 levels ( Table 4 ) and trends for leukocytosis, thrombocytopenia, coagulopathy, and hyperthermia ( Supplemental Table E4 , Supplemental Digital Content 1, http://links.lww.com/CCM/ A573).
Hemodynamics
In pigs ventilated with large static strains, positive end-expiratory pressure initially diminished cardiac output, mixed (or central) venous oxygen saturation, and urine output. Hemodynamics then tended to recover. By contrast, animals ventilated with large dynamic strains progressively developed overt shock, as indicated by tachycardia, hypotension, mixed (or central) venous desaturation, and hyperlactatemia Table 5 ). Of note, animals with lung edema had only a moderately positive fluid balance and increased their lung much more than their body weight. When averaged over the entire study period, mean arterial pressure and cardiac output did not differ between groups ( Supplemental Table E3 , Supplemental Digital Content 1, http://links.lww.com/CCM/A573) and did not correlate with individual changes in lung weight (R 2 = 0.00, p = 0.92; n = 20 and R 2 = 0.05, p = 0.42; n = 16). 
Effects of Removing High Positive End-Expiratory Pressure
Pigs ventilated with a purely dynamic strain around 0.5 (n = 4) or 2.5 (n = 4) after removal of positive end-expiratory pressure behaved the same and were therefore analyzed together. As shown in Figure 2 , final lung weights did not significantly differ from initial measurements and none of the animals died. Pulmonary compliance and arterial oxygenation never significantly changed during the 3-hour period of ventilation with no positive end-expiratory pressure ( Supplemental  Table E4 , Supplemental Digital Content 1, http://links.lww. com/CCM/A573). Final pulmonary wet-to-dry weight ratio and bronchoalveolar lavage fluid interleukin-6 concentration were similar to those of animals ventilated with mainly static strain, which maintained positive end-expiratory pressure until the end of the study (V T 25% and V PEEP 75%) (6.2 ± 0.7 vs. 5.6 ± 0.6, p = 0.18 and 44 vs. 44 [9-268] pg/mL, p = 0.83). However, histology revealed more severe alveolar neutrophil infiltration (p < 0.01) and macrophage proliferation (p < 0.05), interstitial thickening (p = 0.01) and congestion (p < 0.05), and organization of alveolar exudate (p < 0.05), especially in animals finally ventilated at large strain.
For additional results, please refer to the Supplementary data (Supplemental Digital Content 1, http://links.lww.com/CCM/ A573).
DISCUSSION
We have shown that large strain, up to total lung capacity, may or may not cause pulmonary edema, depending on its dynamic and static components. Harm of mechanical ventilation thus depends not only on overall lung inflation but also on the way this is achieved.
All pigs were ventilated at a global strain of 2.5. We have previously shown that dynamic strains above 2.0 cause pulmonary edema and death within 54 hours (6) . If overall inflation had been the real cause of lung damage, then all pigs here reported should have early died with heavy lungs (being global strain well above 2.0). Animals ventilated with dynamic strains of 2.5 actually did so, but those ventilated with smallest dynamic and largest static strains did not (ending the experiment alive, with normal lung weight, mechanics, and gas exchange). Intermediate settings usually produced nonfatal pulmonary edema. Smaller dynamic and larger static strains mainly reduced the incidence of lung injury. In oth-er words, positive end-expiratory pressure did not attenuate the severity of damage but dose-dependently diminished its occurrence. When edema formed, the increase in lung weight was always roughly the same (as for an all-or-none response). Although we acknowledge that only five animals per group were studied, results seem robust and reproducible.
According to Starling, inflammatory edema develops when capillary transmural pressure promotes fluid filtration in excess of removal through a disrupted barrier (11) . Because absence of lung edema can be hardly attributed only to increased fluid removal-high positive end-expiratory pressure may even reduce, rather than augment, lung lymph flow (12)-smallest dynamic and largest static strains must have lowered capillary transmural pressure (7, 13, 14) and/or preserved the integrity of the blood-gas barrier.
To evaluate the first mechanism, we ventilated eight pigs with smallest dynamic and largest static strains (overall strain 2.5) for 36-54 hours, the same amount of time needed for a purely dynamic strain of 2.5 to produce overt lung edema. If overall lung strain had been the real threat to the barrier, changes in permeability should have been well established by that time. Positive end-expiratory pressure was then abruptly removed. Arterial pressure and cardiac output steadily increased, even above normal values. We expected rapid edema formation if the blood-gas barrier had been disrupted and positive end-expiratory pressure only acted as a dam (15) . However, no major change in lung weight, mechanics, gas exchange, and inflammation occurred over the following 3 hours. Although microscopy revealed moderate alterations, decrease in pulmonary capillary transmural pressure per se does not appear as the main determinant of final outcome.
Alternatively, use of smallest dynamic and largest static strains might have preserved the integrity of the barrier. Others have demonstrated, in vitro, that alveolar epithelial cells more likely die when cyclically, rather than tonically, deformed (16) . Principles of biomechanics may help us in understanding this result.
When a force acts on a material, it generates internal tensions (or stresses) that resist deformation. If these forces exceed a critical threshold, either globally or locally, the material fails (4). Use of smallest dynamic and largest static strains may have prevented tissue damage by lowering stress for a given strain. Lungs behave as viscoelastic bodies (17) (18) (19) : their stress depends on strain amplitude and rate. For any given amplitude, slow deformations will generate lower stress, decreasing the risk of tissue failure (4) . In our study, use of large static strain always limited the amplitude and velocity of superimposed cyclic deformation, as global strain and respiratory rate were kept constant. Lungs may have then experienced lower tensions when ventilated in this way. Positive end-expiratory pressure might have been beneficial only because it indirectly diminished tidal volumes and flows. Of note, in our previous study, purely dynamic strain never caused lung injury if lower than 1.5 and always did if higher than 2.0 (6). Now, whatever the level of static strain, dynamic strains lower than 1.0 did not cause any gross lung damage, whereas those between 1.5 and 2.0 usually did. From this perspective, cyclic strain would appear as the main determinant of lung outcome.
Increasing static strain, however, may have had its own direct beneficial effect. Materials usually start to fail in correspondence of geometric discontinuities, where tensions concentrate so to exceed the threshold of safety (4, 20) . Ventilated healthy lungs do have inhomogeneities, owing to uneven local tissue mechanical properties (21) , transpulmonary pressure (22) and, thus, gas inflation (23) , that may locally act as "stress amplifiers" (24) . High positive end-expiratory pressure may have favored more homogeneous ventilation (25) thus delaying, or avoiding, lung damage. Low dynamic strain amplitude and rate may have been of additional benefit, as smooth transmission of force diminishes stress concentration (4) . We may think of lung tissue at rest as formed by variably interwoven sliding fibers. If a large and rapid force is applied (largest dynamic strains), this complex network will soon get stiff, nodes will probably form, tension will concentrate there and rupture will possibly occur. Conversely, if the force is applied slowly on "pre-stressed", and thus less intricate, fibers (smallest dynamic and largest static strains), elongation will be smoother and more uniform, nodes will hardly form and rupture will be less common (26) .
We did not evaluate the effects of different combinations of dynamic and static strains on other potentially relevant variables, such as surfactant function (27) and cellular repair (28) . Even so, and independently of the underlying mechanism(s), small dynamic and large static strains postponed tissue failure (29) . On the basis of a strong correlation between changes in lung weight and end-inspiratory airway pressure (Supplemental Fig. E3 , Supplemental Digital Content 1, http://links.lww.com/CCM/A573), we assume that respiratory system mechanics started to deteriorate when edema started to form, with the two events then proceeding in parallel. As shown in Supplemental Figures E4-E7 (Supplemental Digital Content 1, http://links.lww.com/CCM/A573), end-inspiratory airway pressure increased since the very beginning in pigs ventilated without, but only after 24-36 hours (if it increased at all) in those ventilated with positive endexpiratory pressure ( Fig. 3 and Supplemental Table E6 Can these data be translated to humans with normal or diseased lungs? Caution is warranted. Lungs of patients requiring mechanical ventilation differ from those of piglets in many aspects. Collateral ventilation only occurs in humans (30); one (additional) lobe of the right lung is directly connected to the trachea only in pigs (31) . More importantly, human lungs are less extensible than porcine ones: for any given strain they develop an almost double rise in transpulmonary (and airway) pressure (5, 6) . This might also depend on differences in lung development between adult humans and juvenile pigs (32) . If a patient had to be safely ventilated at a global strain of 2.5, a positive end-expiratory pressure well above 20 cm H 2 O would then be required. However, such a large global strain will be rarely reached. In case of lower global strains, even smaller static ones will possibly be of benefit, especially if lungs are heavy, markedly inhomogeneous, and at increased risk of atelectrauma (33) (34) (35) . But still positive end-expiratory pressures will be higher than in most of published trials (36) (37) (38) (39) . Overall, our data support strategies that maximize lung recruitment while limiting tidal ventilation, as low-frequency positive pressure ventilation with extracorporeal carbon dioxide removal (40) or high-frequency oscillatory ventilation (41) . Side effects of use of large static strains cannot be underestimated. Two animals ventilated with some positive end-expiratory pressure died with grossly normal lungs and one could not even initiate the study, because of major hemodynamic impairment (42) . Moreover, emphysema was more easily noted when highest static strains were applied.
Our work confirms previous ones, demonstrating that positive end-expiratory pressure somehow protects the healthy lung (2, 8) . We have now introduced the concepts of strain and stress and shown that, when lungs are ventilated up to their total capacity (global strain around 2.5), only very large static strain prevents (and not just attenuates) lung edema. Positive end-expiratory pressure does not seem to merely counteract fluid extravasation. Even so, it may be protective not per se, but by limiting tidal ventilation.
CONCLUSIONS
Healthy pigs can be safely ventilated for 54 hours at their total lung capacity provided most of deformation is maintained constant (as positive end-expiratory pressure) and only small tidal volumes (and possibly, flows) are superimposed.
